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Rapid hypertonic cell volume regulation in the perfused inner medul.
lary collecting duct. Differential interference contrast microscopic im-
ages were used to assess the cell volume regulatory increase (VRI)
response of rat IMCD segments isolated from the mid-inner medullary
region of pathogen-free Sprague-Dawley rats and perfused in vitro at
37°C. In the absence of ADH, IMCD cells behaved in an osmometric
fashion over the range of extracellular osmolalities 290 to 386 mOsmlkg
H20 and had an osmotic space equal to 54.2% of total geometric
volume. After initial shrinkage in hypertonic perfusing and bathing
solutions (340 mOsm/kg H20 using sucrose), cell volume increased
rapidly to the isotonic value only in tubules preincubated in ADH (100
U/ml). The rates of VIR were: (—ADH) 0.0142 0.0046
nI min cm or 0.30 0.10%/mm and (+ADH) 0.7225 0.1278
nI min cm or 15.42 2.31%/mm (N = 4; P < 0.01). An
overshoot in cell volume was observed on return to isotonic media only
in the ADH exposed tubules showing a hypertonic VRI response,
indicating that IMCD cells accumulated solute during hypertonic VRI.
In the absence of ADH, one m dibutyryl cyclic AMP mimicked the
effect of hormone on hypertonic VRI. This ADH-dependent VRI
process required Na and (CO2 + HC03) in external media and was
reduced or abolished by 0.1 msi amiloride, 0.1 mt 4,4'-diisothiocyana-
tostilbene-2,2-'-disulfonic acid (DIDS) in peritubular solutions. These
data suggest that ADH-dependent, rapid hypertonic cell volume regu-
lation in rat inner medullary collecting duct depends on Na uptake,
which may be mediated by parallel Na-H and an HC03-dependent,
DIDS-sensitive pathway (such as, Cl-HCO3 exchanger) in basolat-
eral cell membrane. In addition, a luminal amiloride-sensitive pathway
(most likely the cation-selective channel) may contribute to cell volume
regulation in the rat IMCD.
The osmolality of the interstitial fluid surrounding nephron
segments present in the inner medulla of the mammalian kidney
increases dramatically in vivo during antidiuresis. While it is
generally accepted that inner medullary collecting duct (IMCD)
cells must volume regulate if they are to survive in this
hypertonic interstitium, very little is known about the mecha-
nisms of, or the factors that control, cell volume regulation in
this renal epithelium. Early studies utilizing tissue slice tech-
niques have suggested that hypertonic cell volume regulation
occurs in rat medullary-papillary cells by the accumulation of
sodium chloride [1—31. However, the participation of inorganic
salts in hypertonic volume regulation of inner medullary cells
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(particularly the IMCD) has been questioned [4—7]. Electron-
probe analyses of the elemental contents of IMCD cells ob-
tained from rats with varying states of hydration have suggested
that cellular accumulation of Na, K and C1 cannot account
for all of volume regulation during steady state antidiuresis [4,
8, 9]. This view has been strengthened by direct measurement
of the accumulation of organic solutes (osmolytes) in certain
cultured cells of kidney origin under hypertonic conditions [10,
11] and in rat and rabbit inner medulla during steady state
antidiuresis [11—14].
While it seems clear that organic solutes participate in cell
volume regulatory responses in many cells, including medullary
renal cells, the relatively slow (hours-days) accumulation of
these solutes has suggested that other mechanisms (such as,
inorganic ion transport processes) may mediate an initial or
more rapid volume regulatory response. For example, Ehren-
feld and Cousin [15] have convincingly demonstrated both an
early inorganic (Nat, K and Cl—) phase and a later organic
(glycerol) phase to hypertonic cell volume regulation in a
blue-green alga. In addition, several studies have suggested that
antidiuretic hormone (ADH) may play an important role in cell
volume regulatory increase (VRI) responses in renal medullary
cells. Hebert [16, 17] has demonstrated that the cells of the in
vitro perfused mouse medullary (MTAL), but not cortical, thick
ascending limb of Henle are able to increase their volume back
to the original isotonic volume within two to five minutes after
shrinkage in hypertonic peritubular media. This VRI response
was shown to be mediated by solute (NaCl) uptake via parallel
Na:H and C1:HC03 exchangers located in basolateral
membranes. Importantly, the functional expression of these
VRI transporters required pre-exposure to antidiuretic hor-
mone (ADH) or cyclic AMP and was distinct from the effects of
this hormone on transepithelial salt absorption. A similar re-
quirement has also been observed in the mouse MTAL for the
VRI response induced by cell shrinkage on returning to isotonic
media following hypotonic cell volume regulation [18]. Finally,
a more universal role for ADH in enabling renal medullary cells
to volume regulate during antidiuresis has been suggested by
the finding of Bulmenfeld et al [14], who demonstrated that
ADH is required for the accumulation of certain organic solutes
(osmolytes) in the inner medulla of rats during steady state
antidiuresis.
The present study was undertaken to assess directly cell
volume regulation in the in vitro perfused rat IMCD. Specifi-
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cally, we used differential interference contrast (DIC) micros-
copy and image enhancement/analysis techniques to evaluate:
the osmotic behavior of the IMCD to sudden increases in
extracellular osmolality; to assess whether a rapid, hypertonic
volume regulatory increase (VRI) responses occur in the
IMCD; to determine the role of ADH and cyclic AMP on the
VRI response; and, to evaluate the mechanism(s) involved in
any VRI responses in the IMCD. We found that the rat IMCD
exhibits a rapid VRI response that is dependent on prior
exposure to ADH (or cAMP). Effects of ion substitution and ion
transport inhibitor experiments suggested that the VRI re-
sponse is mediated by two basolateral cell membrane antiport-
ers: Na-H antiporter and HC03-dependent, DIDS-sensitive
transporter. In addition, we also found that a luminal amiloride-
sensitive pathway (most likely cation-selective channel) may
play a role in the ADH-dependent VRI responses. Finally our
results also suggest that both the apical and basolateral, amilo-
ride-sensitive Na transport pathways are active under isotonic
conditions and can affect cell volume.
Methods
The basic techniques for dissecting and perfusing tubule
segments have been described previously [16, 17, 19], and
similar methodologies were used in the present studies. Briefly,
75 to 125 g pathogen-free Sprague-Dawley rats were killed by
decapitation and exsanguination following ether anesthesia.
The kidneys were removed and 2 mm-thick coronal slices
placed in cold (4 to 5°C) N-2-hydroxyethyl-piperazine-N/-2-
ethanesulfonic acid (HEPES)-buffered solution. The inner me-
dulla was freed from attached cortex and outer medulla using
blunt dissection and 0.4 to 0.8 mm-long IMCD segments were
obtained from the middle third of the inner medulla. The IMCD
segment was then transferred to a plastic perfusion chamber
fitted to the stage of an inverted microscope (Zeiss IMC 405;
Zeiss, Oberkochen, FRG), mounted on concentric glass pi-
pettes and perfused at rates of 15 to 20 nI mm '. The peritu-
bular bath flowed at rate of 15 to 25 mI/mm, which is sufficient
to exchange the bath in two to five seconds and was maintained
at 37 0.5°C using water-jacketed reservoirs connected to a
heater placed immediately before the inlet to the perfusion
chamber.
Composition ofsolutions and reagents
The control isotonic solution contained (in mM): 115 NaCI, 25
HC03, 5.0 KCI, 1.0 CaCl2, 1.2 MgCI2 and 3.0 HEPES for
HC0-buffered solutions; 140 NaCI, 5.0 KCI, 1.0 CaCl2, 1.2
MgC12, and 3.0 HEPES for HEPES-buffered solutions. The
isotonic perfusing and bathing solutions (285 to 290 mosm/kg
H20) were identical except for addition of 5.5 m glucose and
0.2 to 0.4 g/dl of exhaustively dialyzed, bovine serum albumin
(Fraction V, Armour, Tarrytown, New York, USA) to bathing
solutions and an equiosmotic concentration of urea to perfusing
solutions. Hypertonic solutions (311 to 386 mosm/kg H20)
were made by addition of sucrose. All solutions were adjusted
to a pH of 7.4 after equilibrating with 95% 02-5% CO2 for
HC03-buffered solutions or 100% 02 for HEPES-buffered
solutions. Zero Na solutions were made by replacing Na
with N-methyl-D-glucamine. ADH (synthetic arginine vaso-
pressin, grade V, Sigma Chemical), where indicated, was added
to the bath at a concentration of 100 U . m1'. Amiloride and
dibutyryl cyclic AMP (db-cAMP) were obtained from Sigma
Chemical (St. Louis, Missouri, USA). 4,4'-Diisothiocyanatos-
tilbene-2,2'-disulfonic acid (DIDS) was obtained from Molecu-
lar Probes, Inc.
Measurement of tubule electrical properties
The electrical circuit used for measurement of the transepi-
thelial voltage (lumen with respect to bath) and conductance in
the present study was identical to that described previously
[19]. Electrical connections were made to the outflow ends of
the perfusate and bath systems using free-flowing 3 M, KCI-
Ag: AgC1 bridges which eliminate the necessity for liquid junc-
tion corrections [16, 17, 19]. Transepithelial voltage deflections
at the perfusing and collecting ends of the tubule were measured
(digitized and stored by computer) following bipolar current
pulses (25 to 50 nA) produced by a computer-controlled VCC-
600 current clamp (Physiologic Instruments, San Dodge, Cali-
fornia, USA) as described previously [16, 17, 19]. Transepithe-
hal conductances were then calculated using terminated cable
equations.
Measurement of tubule cell volume
The modified differential interference contrast (DIC) optical
system used for the measurement of tubule cell volume in the
present studies was identical to that described previously [16,
17]. DIC images of the perfused tubule were obtained using a
lOOx oil immersion objective (Zeiss planchromat, 1.3 NA) with
a 40x water immersion objective (Zeiss, 0.75 NA) serving as a
condensing lens. These DIC images were recorded on tape
using an Ikegami ITC500 video camera interfaced to a SONY
video recorder (final magnification 3500 x). Selected images
were digitized (Imaging Technologies, FG100AT), contrast
enhanced and processed to permit measurement of length and
area parameters (Imagepro 100 software, Media Cybenetics).
Whole epithehial (Vepi, nl mm ') volume was calculated as
[16, 17]:
Vepi = [(OD/2)2 — (ID/2)2] x (1)
where ID and OD are the mean inside and outside diameters of
the tubule (cm), respectively, and io is the factor to convert
milliliters per centimeter tubule length to nanoliters per milli-
meter tubule length. In general, increases or decreases in tubule
cell volume are reported as percent changes relative to the
control, isotonic tubule cell volume calculated as, [(Vepi, exper-
imental/V1. control) x 100]. Steady state rate of cell volume
increase following cell shrinkage nI min1 cm I) was
determined from the least-squares linear regression of the
relation between cell volume and time. The V data used in the
fitting procedure covered either a five minute period following
maximal cell shrinkage or until 90% of maximal cell volume
recovery was achieved (whichever occurred first). At least
three, and generally five to seven, data points were included in
the regression and all analyses were highly significant with
regression coefficients greater than 0.75. Average rates of VRI
were calculated from the mean of the regression slopes for "n"
tubules.
This method of calculating makes no assumptions as to
the mechanism of transport of solutes during the volume
regulatory responses, and the calculated values are not neces-
Fig. 1. Effects of step increases in the
osmolalitv of external media on relative
tubule volume in four, perfused rat IMCD
segments. All experiments were performed in
the absence of ADH. Relative tubule volume
was measured at one minute intervals. Each
step increase in osmolality (to 311, 333, 362
and 386 mOsm/kg H20 using sucrose,
indicated below the line connecting data
points) was preceded and followed by a 5 mm
period in isotonic media (290 mOsmlkg H20).
Error bars represent SE. Following each
step increase in osmolality tubule cell volume
fell rapidly to steady-state minimal values
with no significant return toward the isotonic
volume. Also note that tubule volume
returned to the original isotonic control value
after each hypertonic exposure with no
overshoot in volume
sarily representative of initial rates of volume regulation. How-
ever, the linear fitting procedure does provide a reasonable way
of comparing the effects of various agents or factors (such as,
ADH or bd-cAMP) on the volume regulatory processes. Similar
methods have been used by others and previously by us [16, 17,
20, 21].
The method of calculating of cell volume from equation I is
associated with at least two errors. First, the measured epithe-
hal volume includes the lateral intercellular space; however, the
error caused by this is small in the IMCD and should nearly
cancel out with expressing results as fractional (percent)
changes [16, 17, 21]. Second, as recently discussed by Kirk,
Schafer and Dibona [21], any curvature of the luminal surface,
due to cells bulging into the lumen, will result in a difference
between the true epithelial cell volume and that calculated
according to equation 1. According to their analysis equation I
produces an underestimate of the true cell volume, and the
magnitude of this error is proportional to the variance of the
inner radius as a function of tubule length and circumference
(we have reached a similar conclusion). However, the curva-
ture of cells in the in vitro perfused rat IMCD is relatively small
so that this second type of error is also small. Thus, equation I
provides a reasonable measurement of the epithelial cell volume
in the perfused rat IMCD.
Statistical analyses
Tubule cell volume for each DIC image were the average
values obtained from two to three digitizations. The average
values for morphological or electrical data from each tubule
were used to compute a mean SE for the indicated number of
tubules (N). Statistical significance between means for paired
data were determined using the two-tailed Student's t-test.
Unpaired comparisons were made using an analysis of vari-
ance. Comparisons were considered significant for P values less
than 0.05.
Results
Osmotic behavior of rat IMCD in hypertonic media in the
absence of ADH
Figure 1 shows the effects of symmetrical increases in per-
fusate and bath osmolality on relative cell volume in the
absence of ADH for four perfused IMCD segments. These
experiments were performed after 45 to 60 minutes of perfusion
in order to reduce or abolish effects of endogenous ADH on
tubule function [22]. Average I.D. and O.D. values for these
tubules were 25.0 2.2 mm and 37.5 2.6 mm, respectively.
Step increases in the osniolality of external media produced
rapid, graded decreases in cell volume to stable minimal values.
The reductions in cell volume were virtually exclusively due to
reductions in I.D., indicating that the compliance of the com-
bination of basolateral and basement membranes is smaller than
that of the apical membrane alone. The hypertonicity-mediated
reductions in cell volume were completely reversible and cells
exhibited no overshoot in volume upon returning to the isotonic
solutions. Any overshoot would be indicative of net solute
uptake during hypertonic exposure. Thus, in the absence of
ADH no VRI response or net solute gain was observed during
the five minute hypertonic periods.
Figure 2 shows the relationship between the percent changes
in cell volume and in the osmolahity of external media for the
tubules shown in Figure 1. The least-squares linear fit of these
data was highly significant (Y = 54.2X — 0.06; r = 0.997, P <
0.001) indicating that, in the absence of ADH, IMCD cells
respond in a simple osmometric fashion over the range of
osmolalities from 290 to 390 mOsm . kg H20'. This linear
response, together with the Y-intercept which is not different
from zero, validates the present method of estimating epithelial
volume in the perfused rat IMCD. However, since the slope of
the relationship shown in Figure 2 was less than 100% (that is,
54.2), the magnitude of the fractional decrease in tubule cell
volume was less than that predicted for ideal osmometric
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behavior where all the cell volume is represented by osmoti-
cally active water. In other words, about 46.8% (100 to 54.2) of
the rat IMCD volume is not osmotically active. While virtually
all cells have osmotic spaces less than 100 percent of their
geometric volume, this apparent osmotic space in the perfused
rat IMCD is markedly less than observed in other mammalian
cells [1, 21, 23], including the cortical collecting duct [20] and
the mouse MTAL [16, 17].
Effects of ADH on hypertonic volume regulation in the
rat IMCD
Figure 3 and Table 1 present the results of paired experiments
assessing the effect of ADH on the ability of rat IMCD cells to
volume regulate in hypertonic media. Cell volume was mea-
sured initially under isotonic conditions (perfusate osmolality =
bath osmolality = 290 mOsm. kg H2O). For these initial
isotonic conditions, the transepithelial voltage (Ve) and resis-
tance (Rt) were —0.6 0,2 mV and 139.5 32.2 11
respectively. At time zero, bath and perfusate osmolality were
simultaneously increased to 340 mOsmlkg H20 by addition of
sucrose, and tubule cell volume was measured at 15 to 60
second intervals for 15 minutes. After the hypertonic period,
both bath and perfusate were replaced by the control, isotonic
solution, and cell volume was again recorded for the next 15
minutes. The upper curve in Figure 3 illustrates that, in the
nominal absence of bath ADH, IMCD cells exhibited only a
very slow trend toward recovery of cell volume (Rvri was
significantly greater than zero, P < 0.05; Table 1). ADH was
then added to the bath, and 30 minutes later the same hyper-
tonic protocol was repeated. Ve and Rt decreased slightly, but
not significantly, to —1.0 0.3 mV and 120.8 29.2 fl. cm2,
respectively, with exposure to ADH. In the presence of ADH,
cells shrank to the same extent as without hormone immedi-
ately after exposure to the hypertonic solutions. However, in
contrast to the response in the absence of ADH, cell volume
increased to the control value in less than two minutes during
the hypertonic period (R = 0.7225 0.1278 nl• min' •cm',
Table 1; P < 0.01 compared to —ADH condition). In addition,
on return to isotonic conditions, cell volume increased signifi-
cantly above control value (overshoot) only when ADH was
present in the bath. Thus, the ired studies shown in Figure 3
demonstrate that the cells of the perfused rat IMCD are capable
of expressing a rapid hypertonic VRI response and that ADH is
required for the functional expression of this response.
Effects of cAMP on hypertonic VRI in the rat IMCD
It is well recognized that the effects of ADH on water and
solute transport processes in renal nephron segments are me-
diated by the intracellular second messenger cAMP (that is, via
V2 receptor effects). Hebert [16, 17] has demonstrated that, in
the mouse MTAL, cAMP-dependent processes appear to me-
diate both the ADH-dependent increase in the rate of net NaCI
absorption and the hormone-dependent ability of these cells to
regulate their cell volume during increases in peritubular osmo-
lality. However, ADH-dependent but cAMP-independent pro-
cesses may affect a variety of events in other tissues (that is, V1
receptor effects). Thus, we assessed the effect of the cAMP
analogue, dibutyrl cAMP (db-cAMP), on hypertonic cell vol-
ume regulation using a protocol similar to the one shown in
Figure 3 except that hypertonic period was five minutes in
duration, a time sufficient to complete VRI responses in this
nephron segment (Fig. 3). One m db-cAMP was chosen since
this concentration supports hypertonic VRI in the mouse
MTAL [16, 17]. Dibutyryl cyclic AMP, like ADH, had no
significant effect on Ve or Rt. The effect of db-cAMP on cell
volume and rates of VRI in paired experiments in four tubules
is shown in Figure 4 and Table 1. The upper plot in Figure 4
demonstrates that in the absence of db-cAMP, like in the
absence of ADH, IMCD cells exhibit no evidence for a rapid
VRI response in hypertonic media (Rvrt = 0.0105 0.0145
nl• min1 cm, not significant from zero; Table 1) and no
overshoot in cell volume upon returning to isotonic solutions.
In contrast, after a 30 minute exposure to one m db-cAMP
(lower plot in Fig. 4), a rapid VRI response was observed with
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Fig. 2. Relation between percent changes
(mean SE in external solution osinolality
and tubule cell volume for the series of
40 tubules shown in Figure 1. Line was drawnfrom the least squares linear fit of the data (Y
= 54.2X — 0.06; r = 0.99, P < 0.001).
Sun and Hebert: Role of ADH in IMCD 835
Fig. 3. Effect of peritubular ADH on
hypertonic cell volume regulation in the rat
IMCD. Tubules were perfused at 37°C in the
absence (A) or presence (B) of ADH (100 U/
ml). Pentubular (bath) and perfusate (pert)
osmolalities were simultaneously increased
from 290 to 340 mOsm/kg H20 using sucrose
at time zero (first arrows) and then switched
back to the isotonic solutions at 15 mm
(second arrow). The dotted line indicates 100
percent of initial isotonic volume. A rapid
return in tubule volume to the isotonic control
value occurred in the hypertonic media only
after the 30 mm exposure to ADH. Also note
the significant overshoot in cell volume
following the VRI response in B. Values are
means (solid squares) SE (bars) from 4
tubules.
Table 1. Effects of ADH and DB-cAMP on the rates on hypertonic
cell volume regulation in the perfused rat IMCD
Agent
Rvri% min' nI min' cm'
ADH
—
+
0.30 0.10
15.42 2.3la
0.0142 0.0046
0.7225 0.l278a
db-cAMP
—
+
0.14 0.24
9.40 l.24a
0.0105 0.0145
0.5195 0.0735a
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a rate (R) similar to that observed with ADH (Table 1). In
addition, a significant overshoot in cell volume was observed
after returning to isotonic media in the presence of db-cAMP.
Thus, hypertonic YRI in the rat IMCD, like that in the mouse
MTAL, is supported by cAMP in the absence of ADH.
Effect of (CO2 + HC03) omission or DIDS addition on
hypertonic volume regulation in IMCD
In general, the ion transport mechanisms responsible for
rapid hypertonic VRI responses in cells can be divided into
(HC03 + C02)-dependent [24—261 and -independent processes
0 10 20 30
Time, minutes
N = 4 in both groups
a P < 0.05 compared to control (—ADH or —db-cAMP condition)
[27]. Thus we evaluated the requirement for (HC03 + C02) in
external media on ADH-dependent hypertonic VRI in the rat
IMCD in three paired experiments. Figure 5 shows that in the
absence of (HC03 + C02) in external media there was only
minimal tubule cell volume recovery during the five-minute
hypertonic period. In contrast, after a 30 minute equilibration in
(HC03 + CO,)-containing media, IMCD cells were able to
return rapidly to isotonic control volume after initial cell
shrinkage in hypertonic media (Rvri values were 0.460 0.068
vs. 0.038 0.003 nI. min' cm, with and without [HC03
+ C02], respectively; Table 2; P <0.0125).
To evaluate whether a stilbene-sensitive mechanism is re-
sponsible for the dependence of the hypertonic VRI response
on (HC03 + C02), we assessed the effect of 0.1 mM peritu-
bular DIDS on hypertonic VRI in HC03-buffered media in
three paired experiments. The results of these experiments,
shown in Figure 6 and Table 2, demonstrate that addition 0.1
mM DIDS to the peritubular solution virtually abolished the
VRI response in rat IMCD in the presence of (HC03 + C02)
0.093 0.102 vs. 0.432 0.074 ni min1 . cm1, P <
0.0 125), with and without peritubular DIDS, respectively (Table
2). Thus, the results presented in Figures 6 and 7 and summa-
rized in Table 2 demonstrate the a DIDS-sensitive, HC03
transport process located in basolateral membranes participates
in the ADH-dependent, rapid hypertonic VRI mechanism in the
rat IMCD.
Effect of Na4 omission or 0.1 mM amiloride addition on
hypertonic volume regulation in the rat IMCD
In rat papillary tissue it has been suggested that Na4 is
accumulated intracellularly during exposure to hypertonic me-
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Fig. 4. Effect of peritubular dibuty,yl cyclic
AMP (1 mM) on hypertonic cell volume
regulation in perfused IMCD segments. The
protocol is identical to that shown in Figure 3
except that DB-cAMP was substituted for
12 ADH in B and that the osmotic periods were
5 minutes in duration. Values are means (solid
squares) s (bars) for 4 tubules.
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Fig. 5. Combined effect of (CO2 + HC03)
on ADH-dependent hypertonic cell volume
regulation in rat IMCD. Paired experiments
were performed at 37°C using a protocol
similar to that in Figure 4 in the absence (A)
and presence (B) of (CO2 + HC03). Tubule
cell volume was not measured on return to
isotonic media after the hypertonic periods.
ADH (100 U/ml) was present in the
peritubular bath throughout. The dashed line
8 represents 100% of control tubule cell volume.
Values are means (solid squares) SE (bars)
from 3 tubules.
dia [1, 3, 28]. In addition, Na is required for the ADH-
dependent VRI response in mouse MTAL [16, 17]. Figure 7 and
Table 2 present the results of four paired experiments, evalu-
ating whether Na was required for the VRI response in the rat
IMCD. Complete replacement of Na with N-methyl-d-glu-
camine in both perfusate and bath abolished the hypertonic VRI
response in the rat IMCD (Rvri values were 0.480 0.035 and
0.001 0.005 nl. in_I cm'; P < 0.01 with and without Nat,
respectively). In addition, the steady-state cell volume was
lower in the absence than in the presence of Na [4.12 0.10
nl . cm' (—Nat) vs. 4.69 0.20 nl . cm' (+Na), p < 0.051.
Amiloride has been shown to inhibit Na transport via
NatH exchangers in a number of epithelial plasma mem-
branes [24—26] and via apical membrane Na channels in tight
epithelia [29, 30], including the rat IMCD [31]. In addition, this
agent has also been demonstrated to inhibit (HC03 + C02)-
dependent VRI response in single cells [24, 26], Necturus gall
bladder [25] and mouse MTAL [17]. Thus, we assessed the
effect of 0.1 mss amiloride (140 mri Na present), added either
to perfusate or bath, on hypertonic VRI response in the rat
IMCD. The results are shown in Figure 8 and Tables 2 and 3.
Cell volume at five minutes after exposure to the hypertonic
media remained nearly the same as that at initial cell shrinkage
whether amiloride was present in the luminal or peritubular
solutions [Rvrj, 0.002 0.005 and —0.001 0.007
nI . min' cm, with luminal and peritubular amiloride, re-
spectively (paired P 0.38, N = 5; both Rvri values were not
significant from zero)]. The effect of luminal amiloride on
hypertonic VRI in the rat IMCD contrasts to what Hebert [17]
found previously in the mouse MTAL where peritubular, but
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Fig. 6. Effect of peritubular DJDS on ADH-
dependent hypertonic cell volume regulation
in rat JMCD. All solutions were (CO2 +
HCO31-buffered, and ADH (100 iU/ml) was
present in bath throughout. Paired
experiments were performed at 37°C using a
protocol identical to the one used in Figure 5
in the presence (A) and absence (B) of
peritubular DIDS (0.1 mM). The dashed line
8 represents 100% of control tubule cell volume.
Values are means (solid squares) SE (bars)
from 3 tubules.
not luminal, amiloride inhibited ADH-dependent VRI response
in the latter Segment.
In mouse MTAL tubules, the amiloride-sensitive pathway
mediating hypertonic VRI does not appear to be active under
isotonic conditions even in the presence of ADH [16, 171. In
contrast, either luminal or peritubular amiloride reduced the
isotonic volume of rat IMCD cells under isotonic conditions in
the presence of hormone [Table 3; cell volume 4.13 0.60
ni. cm' (+luminal amiloride) or 4.07 0.38 nI . cm'
(+peritubular amiloride) vs. 4.88 0.94 nI . cm' (—amiloride;
the average cell volume value from the +ADH, +DB-cAMP,
+Na, +C02/HC03 and —DIDS tubules); Figs. 3—7; P < 0.05,
unpaired comparisons]. These latter results, in combination
with those from the Na omission experiments shown in Figure
5, demonstrate that cell Na entry via both apical and basolat-
eral amiloride-sensitive pathways contributes to the VRI re-
sponse in hypertonic media, and that, both of these pathways
are active under isotonic conditions.
Discussion
The results of the present study in the in vitro perfused rat
IMCD isolated from the middle third of the inner medulla
demonstrate clearly: (i) that this nephron segment is capable of
rapidly regulating cell volume following shrinkage in hypertonic
media (Figs. 3—7; Table 2); (ii) that expression of this hypertonic
VRI response requires exposure to ADH (Fig. 3); (iii) that the
ADH effect on cell volume regulation is mediated via cAMP-
dependent events (Fig. 4); and (iv) that the ADH-dependent,
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Agent Perfusate Bath
Rvr,
ni ,nin' cm' N
CO2 + HC03 0
25 mist
0
25 mat
0.038 0.003°
0.460 0.068
3
DIDS 0
0
0
0.1 mat
0.432 0.074a
0.094 0.102
3
Na 0
140 mat
0
140 mat
0.001 0.005
0.480 0.035
4
Amiloride 0
0.1 mM
0.1 mM
0
—0.001 0007b
0.002 0.005
5
Values are mean sa. Rvri in amiloride experiements were obtained
from measuring the cell volume changes during the 5-minute hypertonic
periods. See text for abbreviations. All tubules were perfused at 37°C
with ADH (100 rU/ml) in the bath.
a < 0.05
b p = 0.38
hypertonic VRI response is dependent on a DIDS-sensitive,
HC03 transport mechanism located in basolateral membranes
(Figs. 5 and 6) and amiloride-sensitive, Na transport mecha-
nisms located in both apical and basolateral membranes (Figs. 7
and 8). When taken together with our previous observations of
an ADH (via cAMP)-dependent VRI mechanism in the mouse
MTAL [16-18] and the ADH-dependence of organic osmolyte
accumulation in rat inner medulla during antidiuresis [14], the
present results support a more general role for ADH in cell
volume regulatory processes in renal medullary-papillary neph-
ron segments. In addition, these results are consistent with the
view that IMCD cells possess both a rapid (mediated by
inorganic ion uptake) and slower (organic osmolyte) phases to
volume regulation. The rapid phase would permit second-
to-second adjustments in cell volume while the slower, organic,
phase would function to preserve cell function during prolonged
exposure to hypertonic conditions [5, 6, 10, 12, 19, 32, 33].
Role of ADH in hypertonic VRI in the rat IMCD
Hypertonic VRI by rat IMCD cells appears to be the result of
cell solute accumulation. This is based on the finding of a
significant overshoot in cell volume after returning to isotonic
solutions following a hypertonic VRI response (Figs. 3 and 4).
While it is well established that ADH increases transepithelial
water flow in the collecting duct by increasing the water
permeability of apical membranes [22, 28], the hormone-depen-
dency of hypertonic VRI in the rat IMCD does not appear to be
related, either directly or indirectly, to this increase in apical
water permeability or to any associated transepithelial water
flow. The relevant arguments are as follows. In the cortical
collecting duct ADH-mediated enhancement of transepithelial
water flow results in an increase epithelial volume due both to
an expansion of intercellular spaces and to "cellular" vacuoles
[29, 30]. The present experiments were designed so that all
changes in solution osmolality were symmetrical (that is, in
both perfusate and bath) and simultaneous so that there would
be no gradient for transcellular water movement, and conse-
quently, no transepithelial water flow. Although we did not
measure net water transport in our experiments, the fact that no
increase in interspace volume or cell vacuolization was de-
tected after ADH or db-cAMP treatment of the IMCD tubules
Perf Bath
340 / 340
i—_
—
Time, minutes
Fig. 7. Effect of Na removal on ADH-dependent hypertonic cell
volume regulation in rat IMCD. All solutions were (CO2 + HC03)-
buffered, and ADH (100 U/ml) was present in bath throughout. Paired
experiments were performed at 37°C using a protocol identical to the
one used in Figure 5 in the absence (A) and presence (B) of perfusate
and bath Nat The dashed line represents 100% of control tubule cell
volume. Values are means (solid squares) SE (bars) from 4 tubules.
under any of the osmotic conditions (data not shown) is
consistent with negligible net transepithelial water movement
under our experimental conditions.
Further evidence against ADH-mediated increases in water
permeability being responsible for the hormone-dependency of
the VRI response comes from a qualitative analysis of the rate
of cell shrinkage after changing to the hypertonic solutions. In
the experiments shown in Figures 1 and 3 through 8, cell
shrinkage was complete in less than 20 to 30 seconds either with
or without ADH (or db-cAMP). Thus basolateral cell mem-
branes must be highly permeable to water even in the absence
of ADH. Therefore, any delay in VRI due to differences in
combined apical plus basolateral membrane water permeabili-
ties with or without hormone would be on the order of less than
one minute, and could not account for the low (near zero) rate
of cell volume recovery under hypertonic conditions in the
absence of ADH or db-cAMP (Figs. 3 and 4). Thus, the present
results indicate that ADH is modulating the hypertonic VRI
response in the rat IMCD primarily through an action on
processes affecting cell solute accumulation. This action of
Table 2. Effects of ion omissions or inhibitors on rate of VRI in rat
IMCD
A
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Agent Perfusate Bath
Tubule cell
volume
ni cm'
Data from
figure
ADH 0
0
0
100 sU/mI
5.08 0.90b
4.85 0.86
3
dB-cAMP 0
0
0
1 mM
5.60 028b
5.56 0.31
4
CO., + HC03° 25 mri
0
25 ms
0
4•97 0.49"
5.42±0.61 5
DIDS
Na
0
0
140 mat
0
0
0.1 mra
140 mM
0
4.75 0.38"
4.64 0.34
4.69 0.20°
4.12 0.10
6
7
Amiloridea 0
0.1 mM
0.1 mat
0
4.07 038b
4.13 0.60
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[16, 17, 31] and non-renal epithelia [24—27], and in eachcell the
mechanism of VRI response involved NaC1 uptake via either a
C02/HC03-dependent mechanism (such as, parallel Na-H
and C1-HC03 exchangers) or a C02/HC03-independent
mechanism (such as, an electroneutral Na : 2C1 cotrans-
porter). The results of the present ion substitution and inhibitor
studies demonstrating inhibition of VRI by symmetrical Na
and C021HC03 removal and by peritubular amiloride or DIDS
addition suggest that the former mechanism (that is, Na-H
and Cl-HCO exchangers) may operate to regulate cell
volume under hypertonic conditions in the rat IMCD.
Since basolateral DIDS abolished the VRI response, the (CO2
+ HC03)-dependent transport process involved in VRI ap-
pears to be located on basolateral membranes. Although the
effect of Cl on VRI response was not assessed in the present
studies, in a number of mammalian [24—26] and nonmammalian
cells [24, 26, 32] Cl is the primary, if not only, anion accumu-
lated during rapid hypertonic VRI responses. In addition, using
X-ray analysis of frozen-hydrated section technique, Bulger,
Beeuwkes [33] have demonstrated in the rat renal papilla that
intracellular CY increases in parallel with Na during antidi-
uresis. These studies, taken together with the present results,
suggest Cl may be the anion transported via the DIDS-
sensitive process (such as, via Cl-HC03 exchange) during
hypertonic VRI in the rat IMCD. However, we cannot exclude
the possibility that other (HC03 + C02)-dependent, DIDS-
sensitive transport pathways may be involved in the VRI
response (such as, Na-dependent C1-HC03 exchanger).
The mechanism for cell Na accumulation during hypertonic
VRI in the rat IMCD appears to involve both apical and
basolateral processes. It seems likely that, at a minimum, the
basolateral amiloride-sensitive pathway is a Na-H ex-
changer, while the apical amiloride-sensitive process is a cat-
ion-selective channel. This is based on the results from several
recent studies. First, the studies by Stanton and Light et al [34,
35] on cellular conductive properties of the rat IMCD using
intra-cellular microelectrode and patch clamp techniques, dem-
onstrated an amiloride-sensitive cation-selective channel only
in apical membranes. Since ADH increases the Na conduc-
Table 3. Effects of ion omissions or inhibitors on steady-state cell
volume in rat IMCD
Values are SE.
a 100 U/ml of ADH was present in the bath
b p = NS
° P < 0.05
A
Perf Bath
110 340/340
100 .°.-=--.-.-
U
90 1 T
a
E
0>
80
B
Perf Bath
340/340
110
C00
100 i—i
90
80
—8 —4 0 4
Time. minutes
Fig. 8. Effect of amiloride on ADH-dependent hypertonic cell volume
regulation in rat IMCD. All solutions were (CO2 + HC03)-buffered,
and ADH (100 /LU/ml) was present in bath throughout. Paired experi-
ments were performed at 37°C using a protocol identical to the one used
in Figure 5 in the presence of bath (A) or perfusate (B) of amiloride (0.1
mM). The dashed line represents 100% of control tubule cell volume.
Values are means (solid squares) SE (bars) from 5 tubules.
ADH appears to be mediated through the second messenger,
cyclic AMP (that is, via V2-receptor mediated events), since
this agent could reproduce the hormone effect. Similar conclu-
sions regarding the action of ADH were reached for the mouse
MTAL [16-18].
It is interesting that a small but significant rate of hypertonic
cell volume recovery was observed in the absence of ADH
(0.0142 0.0046 ni. min' cm'; P < 0.05 vs. zero rate; Fig.
3). However, the minimal level of VRI achieved during the
15-minute hypertonic period was apparently not sufficient for
detection of a significant overshoot in cell volume on returning
to isotonic conditions. The present experiments cannot exclude
the possibility of a residual effect of endogenous ADH on
hypertonic VRI in the absence of exogenously added hormone,
nor the possibility of a much slower ADH-independent VRI
process involving either inorganic ions or organic solutes.
Mechanism of ADH-dependent hypertonic VRI in the
rat IMCD
Rapid cell volume regulation in response to an abrupt in-
crease in extracellular osmolality has been observed in renal
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tance of the apical membrane [35], apical Na entry into IMCD
cells is likely enhanced by this hormone, and this may account
for the effect of luminal amiloride on hypertonic VRI and on the
steady-state cell volume following exposure to ADH. However,
we cannot exclude the possibility that a luminal Na-H
exchanger might also be involved in the VRI process. In
addition, the possibility that the basolateral membrane amilo-
ride-sensitive pathway is a Na-H exchanger is supported by
the recent observation by Matsushima et al [36] in hamster
IMCD tubules of a functional Na-H in that membrane using
cell pH measurements. Clearly, further studies will be required
to determine the specific amiloride-sensitive pathways present
in apical and basolateral membranes that are responsible for
hypertonic VRI in the rat IMCD.
Finally, it is unlikely that any substantial fraction of the
solute accumulated during the ADH-dependent rapid VRI re-
sponse in the perfused rat IMCD was mediated by cellular
uptake, or production, of an organic solute. The rapid rate of
the VRI response (greater than 80% complete within first
minute) makes it unlikely that cell solute accumulation resulted
from de novo synthesis of organic compounds. In addition,
renal medullary organic solute production induced by antidiure-
sis or hypertonicity generally requires hours to days to achieve
significant cytosolic accumulation [37, 38]. Moreover, Wirthen-
sohn, Lefrank and Guder [39] found little to no effect of
short-term ADH treatment on the ability of rat IMCD cells to
accumulate organic solutes. Furthermore, none of the organic
solutes known to be accumulated by renal cells in vivo [12, 13,
371 or by cultured cells of renal origin [10, 11] during hypertonic
challenge were present in the perfusing and bathing solutions
during the present experiments.
Comparison of ADH-dependent, rapid VRI responses in
mouse MTAL and rat IMCD tubules
The present studies demonstrate that the ADH-dependent
VRI response in IMCD cells is different from that in MTAL
tubules in some respects. First, the present results suggest that
both apical and basolateral NaCI transport pathways play
important roles in the ADH-dependent, rapid hypertonic cell
volume regulation in the rat IMCD, while basolateral mecha-
nisms are dominant in the mouse MTAL [16, 17]. However, it
should be noted that the apical Na : K : 2C1 cotransporter in
mouse MTAL does appear to contribute (37%) to the ADH-
dependent cell volume recovery process at least under certain
circumstances, that is, when cell shrinkage is elicited by return-
ing to isotonic conditions after incubation in hypotonic media
(after a volume regulatory decrease; VRD, response; [18]).
Second, both the apical and basolateral amiloride-sensitive
pathways involved in the VRI response in the rat IMCD appear
to be functional during isotonic conditions, since blockade of
either of these pathways with amiloride resulted in a decrease in
isotonic cell volume (Table 3). In contrast, in mouse MTAL,
both the basolateral Na-H exchanger that is responsible for
the ADH-dependent VRIresponse and the luminal Na : K : 2Cl
cotransporter that is active during steady-state transepithelial
NaC1 absorption do not affect steady-state cell volume in
isotonic media [18]. The lack of effect of basolateral amiloride
on steady-state isotonic cell volume in the mouse MTAL may
be due to the inactivity of this transporter under isotonic
conditions, a notion supported by recent cell pH measurements
in the mouse MTAL [40]. At present, it is unclear why blockade
of apical ion transporters result in different effects on isotonic
cell volume in the rat IMCD (decrease in cell volume) and in the
mouse MTAL (no change in cell volume), although both apical
cotransporters are active during isotonic conditions.
Finally, it is instructive to compare the rates of VRI for the
rat IMCD (Table 1) with similar data for the mouse MTAL [16,
17]. The average rate for the VRI response in the presence of
ADH in the mouse MTAL was about six times smaller than that
in rat IMCD cells (0.105 vs. 0.650 nI . min1 cm'). Although
the mouse MTAL cells are smaller than rat IMCD cells (2.54
0.08 [9] vs. 4.88 + 0.94 nI cm; P < 0.001 unpaired), the rate
of cell volume change, expressed as %/min, in the mouse
MTAL (6.58%/mm; [16]) is still only one-half that in the rat
IMCD (13.06 1.75 %/min; Table 3). Since IMCD cells are
located deeper in the renal medulla than MTAL cells, and
consequently subjected to a greater magnitude of hypertonicity
(and presumably larger changes in osmolality), the greater rate
of volume regulation in the IMCD cells would enable these cells
to restore their cell volume more efficiently in vivo. In addition,
the smaller osmotically active cell space in the rat IMCD (54%
in the rat IMCD vs. 72% in the mouse MTAL [16]) would yield
a reduced magnitude of cell shrinkage (compared to the mouse
MTAL) for any given osmotic challenge, and thus, may be of
advantage in these cells which exist in the inner medulla.
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